SUMMARY
A cytolytic enterotoxin produced by Aeromonas hydrophila, isolate SSU, has been cloned in our laboratory. This enterotoxin lysed rabbit red blood cells, destroyed Chinese hamster ovary cells, caused fluid secretion in rat ligated ileal loops, inhibited the phagocytic function of mouse phagocytes, and was lethal to mice when injected intravenously. In this study, the effect of this cytolytic enterotoxin on the chemotaxis of human leukocytes (cell line RPMI 1788) was examined. This toxin, at concentrations from 92.5 to 370 ng/ml, significantly stimulated the chemotactic activity of human leukocytes in a dose-dependent fashion. The stimulation of leukocyte chemotaxis elicited by cytolytic enterotoxin was abolished when the toxin was neutralized, heated, or exposed to low pH values. This stimulatory effect also was inhibited by various concentrations of pertussis toxin. These results demonstrated that cytolytic enterotoxin may stimulate increased chemotaxis of human leukocytes, and suggest that human leukocytes may possess cytolytic enterotoxin receptors which may be coupled to pertussis toxin-sensitive G-protein.
INTRODUCTION
Aeromonas hydrophila is a Gram-negative bacillus and a member of the family Vibrionaceae [1] . It is recognized increasingly as a significant human and animal pathogen that is capable of inducing acute diarrhea and wound infection [2] [3] [4] [5] . Aeromonas species have been reported to produce a variety of biologically active products: enzymes, hemolysins, cytolytic enterotoxin and cytotonic enterotoxin [6, 7] . Among these products, cytolytic enterotoxin has been reported by our laboratory to be associated with fluid-accumulation in ligated rabbit ileal loops, animal lethality, cell membrane damage of Chinese hamster ovary cells (CHO), and lysis of rabbit red blood cells [8] [9] [10] . However, the mechanism(s) of 286 pathogenicity associated with A. hydrophila still remains unclear. Our previous investigation (unpublished data) demonstrated that intraperitoneal pretreatment with cytolytic enterotoxin predisposed mice to non-lethal quantities of Aeromonas that was translocated into liver, spleen and heart blood, whereas non-pretreatment of mice with the toxin failed to induce the spread of Aeromonas to these organs. We have determined that cytolytic enterotoxin impaired the phagocytic ability of mouse phagocytes [11] and this may be one way by which Aeromonas is allowed to spread systemically. The current studies were undertaken to further investigate the affect of a cloned cytolytic enterotoxin on the chemotaxis of human peripheral blood leukocytes (cell line RPMI 1788) and to examine the effect of pertussis toxin (PT) on leukocyte chemotaxis stimulated by the enterotoxin.
MATERIALS AND METHODS

Cell culture
The RPMI 1788 cell line (human peripheral blood leukocytes) was purchased from the American Type Culture Collection, Rockville, MD, and was maintained as suspension cultures in RPMI 1640 medium (Gibco, Grand Island, NY) supplemented with 20% fetal bovine serum (FBS) (Hyclone, Logan, UT). The cells were grown routinely in an atmosphere of 95% air with 5% CO 2 at 37°C, and were monitored regularly for the absence of Mycoplasma with a fluorescent stain (Hoechst No. 33258) [12] . Cells were subcultured twice a week.
Cloned cytolytic enterotoxin preparations
The structural gene and regulatory element for a cytolytic enterotoxin from isolate SSU of A. hydrophila was cloned [13] . A complementary mixed synthetic oligonucleotide made to the first 25 N-terminal amino acid residues of the pure cytolytic enterotoxin was used as a probe to detect the Aeromonas cytolytic enterotoxin gene. A genomic library of A. hydrophila isolate SSU was constructed by partially digesting the chromosomal DNA with Sau3A restriction enzyme. These fragments were ligated into EMBL3 arms. The gene library then was packaged and the recombinant phage was transduced into Escherichia coli VCS257. The infected E. coli cells were harvested and disrupted in a French press. The cell lysates were centrifuged to remove cell debris. The supernatants were ultracentrifuged to remove cell membranes. The clear supernatant, which contained several biological activities (fluid accumulation, CHO cell destruction, lysis of rabbit red blood cells and lethality in mice), was used in this experiment.
Partially purified natit~e cytolytic enterotoxin prepa ration
Native cytolytic enterotoxin was obtained from the culture supernatant of isolate SSU of A. hydrophila and was precipitated with 60% ammonium sulfate and then purified by phenyl-Sepharose column chromatography as described previously [9] . This toxin possessed the same biological activities as the cloned toxin.
Chemotaxis assay
Leukocyte chemotaxis was measured in a 48-well micro-chemotaxis chamber (Neuroprobe, Inc., Bethesda, MD) as described previously [14] . The upper and lower chambers were separated by a polyvinylpyrrolidone-free polycarbonate filter with a pore size of 5/~M in diameter (Neuroprobe, Inc.). Suspensions of RPMI 1788 leukocytes were pelleted by centrifugation and resuspended at a concentration of 2 × 10 ~' cells/ml in serum-free RPMI 1640 medium. The upper compartments contained 50 >1 of cells, the lower compartments were filled with 25 /,I of various concentrations of cytolytic enterotoxin. As controis, the lower compartments contained medium alone, N-formyl-methionyl-leucyl-phenylalanine (FMLP, 100 nM) or lysates of E. coli VCS257 (AEMBL3) [13] . After the Boyden chamber was incubated at 37°C for 2 h in a 5% CO 2 incubator, the filter was fixed and stained with Diff-Quick (Baxter Scientific Products, McGaw Park, IL). The migrating cells were quantitated microscopically by counting the number of cells in highpower (400 ×) fields. In the PT studies, cells were incubated with various concentrations of PT for 2 h at 37°C before being added into the upper compartments.
Data analysis
The results were expressed as percent of negative control (medium only in the lower compartment) from 4 to 6 independent observations. Comparison of the responses was evaluated statistically using the ANOVA test. A difference in the P value of less than 0.05 was considered statistically significant.
RESULTS
Effect of cloned cytolytic enterotoxin on the chemotaxis of leukocytes
In the control groups, the lower compartments contained medium alone or the lysates of E. coli VCS257 (AEMBL3). The cell migration in both the medium alone or lysate control groups was very similar (5.4 _+ 2 and 6.0 _+ 2.2 cells/field, respectively), and was expressed as 100%. Cloned cytolytic enterotoxin at concentrations of 92.5, 185, 277 and 370 ng/ml, increased chemotactic activity for RPMI 1788 leukocytes in a dose-dependent manner. The maximum total cell migration (650_+ 110% of control) occurred at 277 ng/ml (Fig. i) . Similarly, the native cytolytic enterotoxin partially purified from the supernatant of A. hydrophila also stimulated the chemotactic activity of RPMI 1788 leukocytes, with an optimal protein concentration at 230 ng/ml (data not shown). For comparison, we found that the leukocyte chemotaxis induced by 277 ng/ml of cytolytic enterotoxin was 1.5-fold greater than that observed with 100 nM of FMLP, a peptide produced by E. coli.
Factors affecting the action of cytolytic enterotoxin on leukocyte chemotaxis
The chemotactic activity of leukocytes stimulated by cloned cyto[ytic enterotoxin was decreased significantly to negative control levels after the cloned cytolytic enterotoxin was heated at 56°C for 20 min, exposed to pH 4.0 for 1.0 h before the pH value was readjusted to 7.0, or neutralized with homologous antiserum (1:1 mixed ratio and incubated 1.0 h at 37°C before storage at 4°C overnight) (Fig. 2) . The results suggested that this toxin was sensitive to heat, extreme changes in pH and that the antigenic integrity was important for the chemotactic response. The properties of the cloned toxin were very similar to that of native cytolytic enterotoxin partially purified from the supernatant of A. hydrophila [10] . control.
Effect of PT on leukocyte chemotaxis stimulated by cytolytic enterotoxin
We added PT to RPMI 1788 media at different concentrations, in order to determine whether a G-protein plays a significant role in the stimulated migration of a human blood leukocyte cell line. 2 h preincubation of the cells at 37°C with 1-500 ng/ml of PT resulted in significant reduction in cell migration in a dose-dependent manner (Fig. 3 ).
DISCUSSION
Many substances stimulate chemotactic activity in leukocytes, including growth factors, neuropeptides, lymphokines, collagen breakdown products, as well as oligopeptides from bacteria such as E. coli [15] [16] [17] . The best-studied chemotactic bacterial product is FMLP, a PMN chemotactic factor produced by E. coli [15] . The cytolytic enterotoxin described in this study was originally produced by Aeromonas hydrophila and its N-terminal amino acid sequence was different from FMLP [9, 13] . The enterotoxin at a concentration of 277 ng/ml resulted in significant elevation of human leukocyte chemotactic activity (650% of control), which was 1.5-fold of that observed with 100 nM of FMLP. These results suggested that the cytolytic enterotoxin was also a potent chemoattractant. The mechanism(s) of cytolytic enterotoxinstimulated chemotaxis of leukocytes is unclear at the present time. In the current study, PT significantly inhibited the chemotaxis of leukocytes stimulated by cytolytic enterotoxin in a dose-dependent manner. Our data indicated that the chemotactic role of cytolytic enterotoxin may be mediated by cell surface receptors, and the receptors may transmit a chemotactic signal by coupling to a PT-sensitive G-protein. This observation is similar to findings demonstrated in other cell types [17, 18] in which G-proteins have been shown to act through a number of second messenger pathways including phospholipase C, protein kinase C, guanylate cyclase and other proteins [17, 18] . The mechanism(s) by which these second messengers induce cell migration remains unknown [17, 18] .
It has been reported that bacteria from the intestinal lumen may produce chemotactic peptides that could potentially induce inflammation if they are able to reach the mucosa. The pathological mechanisms of chemoattractants, such as FMLP, may be related to increased intestinal permeability and to release of prostaglandins (PGE2), leukotrienes (LT B 4 and C 4) and lysosoreal enzymes from tissues or neutrophils [15, [19] [20] [21] . Since Aeromonas hydrophila is a Gram-negative bacillus and may be present in the intestinal lumen or wounded skin, it is possible that the cytolytic enterotoxin may interfere with normal immune defenses in susceptible individuals, induce leukocyte infiltration in vivo and result in intestinal inflammation. In a recent study, we also found that the cytolytic cnterotoxin produced by Aeromonas hydrophila inhibited neutrophi[ phagocytosis, which leads to impairment of host defense functions [11] . The discovery of these new pathogenic roles for cytolytic enterotoxin may help to explain why Aeromonas hydrophila is capane of causing wound infections, diarrhea and/or septicemia.
